Kaposi's sarcoma-associated herpesvirus (KSHV; also known as human herpesvirus 8) is the infectious cause of Kaposi's sarcoma (KS), the most common tumor in AIDS patients worldwide. KSHV is also associated with two lymphoproliferative disorders: primary effusion lymphoma (PEL), a pleural cavity B-cell lymphoma, and plasmablastic multicentric Castleman's disease, a B-cell disorder of lymph nodes (14, 46) . In KS tumors, KSHV is present in spindle cells, the predominant tumor cell (1, 6, 47) . Spindle cells are endothelial in origin and express markers of lymphatic endothelium (28, 45) . Nearly all spindle cells support latent KSHV infection, although a low percentage of cells undergoing lytic reactivation are always present (47) .
There have been several reports outlining the transcriptional changes that can be observed during KSHV latent infection of endothelial cells (12, 38, 42) . For example, recent studies in primary blood endothelial cells and tert-immortalized microvascular endothelial cells (TIME cells) have found that KSHV can reprogram blood endothelial cells to differentiate into lymphatic endothelial cells (12, 27, 50) . Array experiments have identified oncogenic signaling pathways activated by KSHV, including c-KIT in endothelial cells immortalized by papillomavirus E6 and E7 genes (38) . Array experiments have also led to the discovery of viral activation of the hypoxia response in endothelial cells (13) . Although extremely informative, microarray experiments do not directly detect alterations in cellular signaling pathways that are characterized by changes in the phosphorylation state of proteins.
KSHV encodes many genes that activate cellular signaling and can act as oncogenes. For example, expression of the viral G-protein-coupled receptor, a viral interferon regulatory factor and an ITAM-containing protein can immortalize mouse or human cells in culture (4, 22, 32, 51) . In addition, many secreted KSHV genes, such as the viral interleukin-6 (IL-6) homolog and multiple macrophage inflammatory proteins, are capable of activating various cellular signaling pathways (36, 41) . Although these genes are reported to act as oncogenes or modulators of cellular signaling, they have predominantly been characterized in overexpression studies in the absence of viral infection. Less is known about how KSHV infection alters cellular signaling pathways.
In this report, we look at changes in the phosphorylation state of cellular signaling proteins upon KSHV infection. Among the mammalian signaling pathways altered upon KSHV infection is the JAK/STAT pathway. The signal transducer and activator of transcription (STAT) proteins are a family transcription factors that are found in many cell types and play different roles in normal cellular signaling (9, 20) . They are activated by phosphorylation on a single tyrosine residue, allowing the STAT proteins to dimerize and translocate into the nucleus where they activate transcription of target genes (44) . Maximum transcriptional activation is also dependent on a secondary serine phosphorylation event (52) . STAT3 is activated by a number of cytokines, including the IL-6 family of ligands. hIL-6 signals through a heterodimer of gp130 and gp80 (also known as the IL-6R␣), which in turn activates JAK2, leading to phosphorylation of STAT3 (26) . The KSHV IL-6 homolog activates STAT3 through the same pathway but can also activate STAT3 in a gp130-dependent, gp80-independent fashion (35, 49) .
There are extensive data indicating that aberrant activation of STAT3 and STAT5 proteins is correlated with oncogenesis (8, 24) . A number of recent studies have also indicated that a diverse array of oncoproteins can activate STAT proteins, particularly STAT3 and STAT5 (7). Many primary tumors and tumor cell lines have chronically activated STAT3 (7, 24) . Targeted deletion of STAT3 in epidermal precursor cells has been shown to prevent epithelial cancer (15) . STAT3 is also required for the formation of B-cell lymphomas in a transgenic mouse model where STAT3 is specifically deleted in B and T cells (18) . In addition, STAT3 and/or STAT5 are also commonly observed to be activated by viral oncoproteins in transforming viruses, such as Epstein-Barr virus and hepatitis C virus, and in the closely related KSHV homologue herpesvirus saimiri (HVS) (16, 19, 23, 34) . HVS oncoprotein TIP-C484 was shown to activate STAT3 through the tyrosine kinase Lck, and HVS STP-A11 was also shown to interact with and activate STAT3 (19, 34) . Interestingly, STAT3 is constitutively activated in some KSHV-positive PEL cell lines and expression of a dominant-negative form of STAT3 caused apoptosis in PEL cells (3) . These data point to a potentially important role for the activation of STAT3 in KSHV pathogenesis and oncogenic transformation. However, whether KSHV directly activates STAT3 or the activation is due to a selected cellular mutation in the genesis of the lymphoma is unknown. We demonstrate here that STAT3 is phosphorylated in response to KSHV infection of endothelial cells, the predominant cell type of KS tumors, within 30 min of infection, and this response disappears by 4 h postinfection. Interestingly, STAT3 is phosphorylated and activated again by 12 h, concomitant with the establishment of latency, and this second phase requires viral gene expression, whereas the early phase does not. The sustained activation is present for as long as viral latency is maintained. Viral activation of STAT3 can be mediated by a soluble factor and requires the gp130 receptor and the JAK2 kinase, but persistence requires a factor present in the latently infected cell since conditioned medium only induces a transient activation. Interestingly, STAT3 activation does not depend on hIL-6 signaling since neutralizing antibodies to hIL-6 and gp80 do not block activation. In addition, whereas KSHV encodes a homolog of hIL-6 (vIL-6), this viral gene is not required for persistent activation of STAT3 in KSHV-infected endothelial cells. In this report, we identify a potentially oncogenic signaling pathway activated by KSHV that is likely to be important for the pathogenesis of KS tumors.
MATERIALS AND METHODS
Reagents and antibodies. Phospho-STAT3 (Y705) and pan-STAT3 antibodies (Cell Signaling Technologies) were used as specified by the manufacturer. Antibodies to ␤-actin (Sigma), ORF59 (Advanced Biotechnologies, Inc.), LANA (Advanced Biotechnologies, Inc., and a kind gift from D. Ganem), and gp130 (Santa Cruz Biotechnologies) were used in immunoblot and immunofluorescence analysis as outlined below. Antibodies to hIL-6, gp80, and gp130 (R&D Systems) were used in neutralization experiments as described herein. Kinase inhibitors AG490, SU6656, and WHI-P131 (Calbiochem) were reconstituted in dimethyl sulfoxide (DMSO) at 100 mM and used at the concentrations specified in the text.
Cells. TIME cells (48) were maintained as monolayer cultures in EBM-2 medium (Cambrex) supplemented with a bullet kit containing 5% fetal bovine serum, vascular endothelial growth factor, basic fibroblast growth factor, insulinlike growth factor 3, epidermal growth factor, and hydrocortisone (EGM-2 media). Primary human dermal microvascular endothelial cells (hDMVEC) (Clonetics) were also maintained in EGM-2. BCBL-1 cells (43) and BJAB cells (17) were maintained in RPMI 1640 medium (Celgro; Mediatech, Inc.) supplemented with 10% fetal bovine serum, penicillin, streptomycin, glutamine, and ␤-mercaptoethanol. vIL-6 ϩ and vIL-6 Ϫ KSHV BJAB cells (harboring vIL-6 ϩ/Ϫ recombinant KSHV (17, 17a) were maintained in the same media with the addition of 10 g of puromycin/ml. Viruses and infection. KSHV inoculum was obtained from BCBL-1 cells (5 ϫ 10 5 cells/ml) induced with 20 ng of TPA (12-O-tetradecanoylphorbol-13-acetate; Sigma)/ml. After 6 days, cells were pelleted, and the supernatant was run through a 0.45-m-pore-size filter (Whatman). Virions were pelleted at 15,000 rpm for 2 h in a JA-14 rotor, Avanti-J-25 centrifuge (Beckman Coulter). The viral pellet was resuspended in EGM-2 and used as viral inoculum in subsequent experiments. KSHV infections of TIME and primary hDMVEC were performed in serum-free EBM-2 for 3 h, after which the medium was replaced with complete EGM-2. Mock infections were performed identically except that concentrated virus was omitted. Infection rates were assessed by immunofluorescence for all experiments, using antibodies against the latency-associated nuclear antigen (LANA) and the lytic protein ORF59. In all infections performed with wild-type (wt) KSHV Ͼ85% of the cells were LANA positive and Ͻ1% were ORF59 positive. UV inactivation of KSHV viral stocks (5 ϫ 1,200 J) was performed in a UV Stratalinker 1800 (Stratagene). vIL-6 ϩ/Ϫ virus was induced in BJAB cells with 4,000 particles per cell of Ad50 (adenovirus expressing the lytic switch protein ORF50; kindly provided by D. Ganem) and isolated as previously described (17) .
Immunofluorescence. Prior to harvesting cells for immunoblot analysis, an aliquot of mock or KSHV-infected TIME cells was seeded on LabTek Permanox four-well chamber slides (Intermountain Sci) and fixed with 4% (vol/vol) paraformaldehyde in phosphate-buffered saline or 100% methanol. Immunofluorescence was performed as described previously (31) or as specified by the manufacturer (pSTAT3). Briefly, cells were incubated with primary antisera at a dilution of 1:100 (␣-pSTAT3) or 1:1,000 (rabbit or rat ␣-LANA; mouse ␣-ORF59). Cells were then incubated with fluor-conjugated secondary antibodies (goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 594, or goat anti-rat Alexa Fluor 488; Molecular Probes/Invitrogen). Cells were mounted in medium containing DAPI (4Ј,6Ј-diamidino-2-phenylindole) before being viewed under a Nikon Eclipse E400 fluorescence microscope (Nikon, Inc.). Images were captured with the Micropublisher RTV camera using QCapture Suite (QImaging) and analyzed by using Adobe Photoshop (Adobe Systems, Inc.).
Immunoblot analysis. Cells were harvested by using a cell scraper and pelleted using the Sorvall RT7 Plus centrifuge at 4°C. An aliquot of the cells was seeded onto chamber slides for immunofluorescence analysis. Cell pellets were washed once in cold phosphate-buffered saline and then resuspended in lysis buffer (20 mM Tris [pH 7.0], 2 mM EGTA, 5 mM EDTA, phosphatase inhibitors, protease inhibitors, and 1% Triton X-100). Samples were subjected to three cycles of freeze-thawing, sonicated for 10 min, and then spun at 6,000 ϫ g at 4°C. Cell extracts were fractionated on an sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, and the proteins were transferred electrophoretically to Immobilon P polyvinylidene difluoride membranes (Millipore) in Tris-glycine buffer (25 mM Tris, 192 mM glycine, 20% methanol). Blots were incubated with the indicated antibody (dilutions: 1:1,000 for ␣-pSTAT3, ␣-STAT3, and ␣-gp130; 1:20,000 for ␣-actin) and subsequently with horseradish peroxidase-conjugated goat anti-mouse or rabbit immunoglobulin G (IgG) (Molecular Probes/Invitrogen). Immunoreactive proteins were visualized by chemiluminescence using the Amersham ECL Plus Western blotting detection reagents (GE Healthcare).
DNA-binding analysis. Whole-cell extracts were prepared using a BD TransFactor whole-cell extraction kit (BD Biosciences Clontech) as specified by the manufacturer. Extract concentrations were determined by using the BCA protein assay kit (Pierce). Equivalent concentrations of extracts were diluted in 1ϫ TransFactor blocking buffer and 10 g of poly(dI-dC)/ml. For competition studies, wt STAT3 competitor oligonucleotides (250 to 500 ng) were added to the extracts. The DNA-binding activity in these extracts was assessed by using a BD TransFactor STAT3 chemiluminescent kit (BD Biosciences Clontech) as specified by the manufacturer. Luminescence was measured by using a Tecan GeniosPro 96-well microplate reader, and data were collected by using XFluor GeniosPro software.
Luciferase assays. TIME cells were transfected with 1 to 3 g of pTATATkluc and pTATA-TK-luc 4XM67 constructs (5) and 1 ng of the control Renilla luciferase expression vector pRL-SV40 (Promega) using TransIT Jurkat reagent (Mirus). At 24 h posttransfection, cells were either mock infected or infected with wt KSHV. Cells were harvested at 24 h postinfection (hpi), i.e., 48 h posttransfection, and processed as specified by the Promega dual luciferase assay system. Luminescence was measured on a manual luminometer (Berthold). Transactivation of the STAT3-dependent promoter was presented as firefly luminescence normalized to Renilla luminescence.
Conditioned media and neutralization experiments.
Conditioned media from wt KSHV-infected cells at 24 hpi were clarified to remove virus by high-speed centrifugation. Uninfected TIME cells were serum starved for 1 h before treatment with clarified conditioned media. For neutralization experiments, conditioned media and/or TIME cells were preincubated with the antibody for 1 h. Treatments were performed for 30 min unless otherwise specified. Cells were harvested and processed for immunoblot analysis as described.
RESULTS

Biphasic activation of STAT3 by KSHV infection of endothelial cells.
To characterize changes in signal transduction that can be observed during KSHV infection of TIME cells, whole-cell extracts from mock-and KSHV-infected TIME cells at 48 hpi were examined by a phosphosite screen (Kinexus Bioinformatics Corp., Vancouver, British Columbia, Canada). The STAT3 transcription factor was identified as strongly phosphorylated at the serine 727 residue 48 h after infection compared to mock-infected TIME cells. To confirm this result, an immunoblot analysis using an antibody against the phosphorylated form of STAT3 (STAT3Y705) in mock-infected and KSHV-infected TIME cells at different time points postinfection was performed. Figure 1A shows that STAT3 is phosphorylated in infected but not uninfected TIME cells. The two bands recognized by the STAT antibody have been previously described (10, 49) but are not always resolved in every gel. There are two separate peaks of activation: one at early time points (30 min to 2 h, lanes 2 to 4) and another at late time points (12 to 48 h, lanes 7 and 8), coinciding with latent gene expression and the establishment of latency. STAT3 activation can be detected in KSHV-infected TIME cells past 10 days postinfection (Fig. 1B) , until infection rates drop below 10% (ϳ18 days postinfection), indicating that KSHV infection leads to persistent STAT3 activation. The same biphasic and persistent activation of STAT3 is also seen after infection of primary hDMVEC (Fig. 1C) , indicating that activation is a general property of endothelial cells and not unique to TIME cells. Persistent STAT3 activation requires viral gene expression. To distinguish whether this activation can be attributed to binding and entry of the virus alone or whether gene expression is necessary for activation, cells were infected with either UV-inactivated virus or wt virus and screened for STAT3 activation using immunoblot analysis with the pSTAT3 antibody. Although wt virus resulted in STAT3 activation at both the early and late peaks of STAT3 activation (compare lanes 3 and 9, Fig. 2 ), UV-inactivated virus only resulted in activation during early time points (lanes 2 and 8). This demonstrates that viral gene expression is a necessary component of the second sustained peak of STAT3 activation. The appearance of this second peak coincides with the appearance of LANA. In separate infections, LANA was undetectable at 2 h and could be detected in less than 3% of the cells at 5 h, 48% of the cells at 12 h, and in 85% of the cells by 24 h. This timing is similar to the large increase in LANA RNA expression between 12 and 24 h seen previously by others (30) . These results demonstrate that whereas KSHV binding and entry activates STAT3 transiently, establishment of long-term KSHV infection leads to sustained long-term activation of STAT3, as seen in many cancer cell lines and tumors. Since tyrosine phosphorylation is the initial event in the STAT3 signaling cascade, we also used a variety of methods to confirm downstream events associated with activation. The Kinexus screen illustrates that the second phosphorylation event at Ser727 occurs in KSHV-infected TIME cells. To determine whether pSTAT3 translocates to the nucleus after infection, we separated the nuclear and cytoplasmic fractions of mock-and KSHV-infected cells. At 48 h postinfection, phosphorylated STAT3 translocates to the nucleus (Fig. 3A) as determined by immunoblot analysis of nuclear and cytoplasmic fractions with the pSTAT3 Y705 an- tibody. We used immunoblot analysis with antibodies against ␤-lamin to verify the proper fractionation of extracts.
The increase in phosphorylated STAT3 and its translocation to the nucleus is also seen in immunofluorescence analysis of mock-versus KSHV-infected cells as 48 hpi (Fig. 3B) . When we obtained greater than 90% infection rates, as determined by LANA staining, all LANA-positive cells also showed an intense nuclear pSTAT3 staining (Fig. 3B and Fig. 3C [High]), indicating that STAT3 activation correlates with latent KSHV infection. In addition, when we performed immunofluorescence on cells that were only 50% infected, only the low percentage of cells that expressed LANA also expressed pSTAT3 (Fig. 3C [Low] ). The same percentage of cells exhibited nuclear punctate LANA staining when either the rat monoclonal or the rabbit polyclonal anti-LANA antibody was used. Shown in Fig. 3 is the rat antibody to allow costaining with the rabbit polyclonal anti-phospho-STAT3-Y705 antibody. The rat anti-LANA antibody exhibits higher background staining with the methanol fixation used to optimize the STAT3 staining. This background can also be seen in the mock-infected cells, although the nuclear punctate staining can still be clearly seen only in the KSHV-infected cells in the higher-magnification panels.
pSTAT3 nuclear expression can be detected in greater than 90% of the highly infected cells, whereas ORF59 is only detected in less than 1% of the cells (Fig. 3B, lower panels) . This indicates that the vast majority of cells with nuclear pSTAT3 expression are latently infected and that lytic replication is unlikely to play a primary role in the activation of STAT3 during KSHV infection.
To determine whether extracts from KSHV-infected cells show specific STAT3 DNA-binding activity, we used a BD TransFactor STAT3 chemiluminescent kit (BD Biosciences/ Clontech), where transcription factors in whole-cell lysates are tested for binding to specific DNA elements in an enzymelinked immunosorbent assay based format. As seen in Fig. 4A , extracts from wt KSHV infections but not from mock or UV-inactivated virus infections were able to specifically bind STAT3-specific DNA elements (left panel). The specificity of this binding is demonstrated by the ability of STAT3-specific oligonucleotides to reduce DNA binding (Fig. 4A, STAT3 competitor oligo), as well as by the decreased binding of wt extracts to mutant STAT3 DNA elements (Fig. 4A, right  panel) .
STAT3-dependent transcriptional activation also occurs after KSHV infection. To ascertain whether transcriptional activation can be observed in lysates from KSHV-infected cells versus mock-infected cells, we used a construct (pTATATKluc-4XM67) where consensus binding sites for STAT3 are upstream of the luciferase gene under the control of the HSV-TK promoter (5). As seen in Fig. 4B , there was a Ͼ150-fold boost in luciferase activity in KSHV-infected cells versus mock-infected cells transfected with the STAT3-dependent luciferase construct. There is minimal difference in luciferase activation between the mock and KSHV infections in cells transfected with the control plasmid (pTATA-TKluc) where the STAT3-specific elements are absent.
KSHV activates STAT3 through a secreted factor. Activation of STAT3 during infection can be mediated by either direct activation via a viral protein, as seen in infections with the KSHV homolog HVS where activation of the STAT pathway is mediated by the viral protein STP-A11. Another possibility is that viral infection upregulates a soluble factor released during infection that can then activate KSHV-infected cells in a paracrine fashion. To determine whether KSHV infection induces a secreted factor that leads to the activation of STAT3, we took conditioned media from mock-infected cells and cells infected with either UV-inactivated or wt KSHV at 24 h postinfection when STAT3 is chronically activated. Virus that might be present in the media was removed by high-speed centrifugation. Uninfected TIME cells were treated with this conditioned media for 30 min, and STAT3 activation was determined. As seen in Fig. 5A , treatment with KSHV-conditioned media (at 24 hpi), but not with conditioned media from mock or UV-inactivated virus infections, results in STAT3 activation. This indicates that a soluble factor released during KSHV infection at late times is able to activate STAT3. When we added KSHV conditioned medium to uninfected TIME cells and allowed the treatment to proceed for different times (15 min to 24 h), we see that the activation of STAT3 is transient, persisting for only 45 min, and does not recur after 16 to 24 h of treatment (Fig. 5B) . This is in contrast to activation seen in (Fig. 1B) . Together with the immunofluorescence data showing that only LANA-positive cells showed intense nuclear phospho-STAT3 staining, this indicates that persistent STAT3 activation in TIME cells requires latent KSHV gene expression in the cell where STAT3 is activated in addition to a secreted factor. KSHV activates STAT3 through JAK2. To help in the identification of the ligand(s) responsible for the activation of STAT3 in KSHV-infected TIME cells, we employed the use of various kinase inhibitors to identify which kinase phosphorylates STAT3, leading to its activation. There are various families of kinases that can activate STAT3 (7). These include nonreceptor tyrosine kinases such as src and abl, and the Janus kinases (JAK), which mediate activation by cytokines (29) . TIME cells were infected in the presence of specific kinase inhibitors for each of these potential activators. As seen in Fig.  6A , cells infected in the presence of the JAK2 inhibitor, AG490, showed a dose-dependent decrease in the phosphorylation of STAT3 compared to DMSO-treated infections (lanes 1 to 3) . There was no significant decrease in STAT3 phosphorylation in cells infected in the presence of the src family inhibitor SU6656 or the JAK3 inhibitor WH1-P131. Infection rates in the presence or absence of the different kinase inhibitors at the concentrations used all remained above 90%, indicating that there is no significant change in infection rates due to the inhibitors. When we used the TransFactor assay to look at DNA-binding activity, extracts from AG490-treated infections showed about a fivefold reduction in DNA-binding activity compared to extracts from DMSO-treated infections at 24 h (Fig. 6B) . This indicates that STAT3 is activated in a JAK2-dependent manner during persistent KSHV infection.
gp130 but not gp80 is required for and is upregulated by KSHV infection. Since conditioned media from KSHV infections activates STAT3 in uninfected cells, a soluble factor(s) such as a growth factor(s) or cytokine(s) is implicated as the ligand responsible for STAT3 activation. We previously showed that the activation is mediated by the JAK2 kinase. One of the main ligands that signal through JAK2 is the gp130 family of ligands. We have previously reported that gp130 and hIL-6 are transcriptionally upregulated during latent infection (12) . We also showed by cytokine array that concentrations of hIL-6 in the medium increase upon KSHV infection. Both hIL-6 and the viral homolog vIL-6 are known to activate STAT3 in transient-transfection systems in other cell types. Here we show that the gp130 protein is also upregulated in KSHV-infected cells at 48 hpi (Fig. 7A) .
To determine whether the activating ligand for STAT3 signals through the gp130 receptor or hIL-6, we performed antibody neutralization experiments. STAT3 activation was assessed in uninfected TIME cells treated with 24-hpi conditioned media that had been incubated with neutralizing antibodies to hIL-6, gp80, gp130, or control IgG. Only antibodies to the gp130 receptor were able to neutralize the activation of STAT3 in conditioned media (Fig. 7b, lane 6) . Antibodies to hIL-6 or to gp80, the hIL-6R ␣-subunit, did not neutralize the activation of STAT3. We confirmed that the antibodies to hIL-6, gp80, and gp130 were indeed neutralizing by their ability to block transient STAT3 activation in TIME cells treated with recombinant hIL-6 (data not shown). Neutralizing antibodies to gp130 are also able to reduce STAT3 activation seen during infection when added during the last 3 h of a 24 h infection, although this reduction is not complete (Fig. 7B, right panel, lane 3) . This indicates that the activating ligand for STAT3 during KSHV infection in endothelial cells is not hIL-6.
STAT3 activation by KSHV is independent of vIL-6. KSHV encodes a homolog of hIL-6, vIL-6. To determine whether vIL-6 is involved in the activation of STAT3 after infection, we utilized a recombinant virus previously characterized by our lab where the ORFK2 gene encoding vIL6 is deleted (17a). BJAB cells harboring the vIL-6 deletion recombinant or a control vIL-6 containing recombinant were both induced to produce virus. TIME cells were then infected with the virus stocks from these BJAB cell inductions. STAT3 is phosphorylated 48 h after infection of TIME cells with both the vIL-6 deletion and the control virus (Fig. 8, lanes 3 to 4) , indicating that vIL-6 is not responsible for the observed activation of STAT3. As an additional control, we induced uninfected BJAB cells, and supernatants were harvested identically to the supernatants from recombinant KSHV-infected BJAB cells. The inoculum from uninfected BJAB inductions did not activate the phosphorylation of STAT3 (lane 2), indicating that this was a KSHV-specific phenomenon and not due to the induction conditions.
FIG. 5. Conditioned media from TIME cells infected with KSHV for 24 h activates STAT3. (A)
Immunoblot analysis of extracts from uninfected TIME cells treated with 24 hpi conditioned media from mockinfected, UV-inactivated KSHV, and KSHV-infected TIME cells. Only conditioned media from wild-type KSHV infections were able to activate STAT3 in uninfected TIME cells. (B) Conditioned medium from KSHVinfected TIME cells was harvested 24 hpi and used to treat fresh TIME cells over a time course. Immunoblot analysis for pSTAT3 Y705 shows that conditioned medium from TIME cells at 24 hpi induces only transient STAT3 activation (lasting only 90 min) in the absence of KSHV infection.
FIG. 6. The JAK2 inhibitor AG490 reduces STAT3 activation in KSHV infections at 24 hpi. (A) Immunoblot of extracts from KSHV-infected TIME cells (24 hpi) treated with the indicated kinase inhibitors were probed with pSTAT3 Y705 or ␤-actin antibodies. Only the JAK2 inhibitor AG490 reduced phospho-STAT3 levels in a dose-dependent fashion. The JAK3 inhibitor WHI-PI3I and the src family kinase inhibitor SU6656 had no effect on STAT3 phosphorylation. (B) Extracts from wild-type KSHV infections performed in the presence of AG490 or DMSO were subjected to DNA-binding assays for STAT3-specific sequences as described in Fig. 4 . The DNA-binding activity of STAT3 in KSHV-infected TIME cells was inhibited by the JAK2 inhibitor AG490. (33) , although this activation may not be critical for the viral oncogenic potential in cell culture (25) . In addition, STAT3 is also persistently activated in transforming viruses such as hepatitis C virus and Epstein-Barr virus (16, 23) . Aberrant activation of the STAT3 transcription factor leads to the deregulation of important oncogenic signaling pathways such as those involved in cell cycle progression, antiapoptosis, and tumor angiogenesis (24) . In a number of tumor cell lines, the inhibition of chronic STAT3 activation leads to apoptosis (3, 37) . In addition, knockout mice with targeted deletions of STAT3 in epidermal cells do not develop skin cancer at the levels of wt litter mates (15) . In similar experiments, the formation of B-cell lymphomas was shown to be dependent on STAT3 in transgenic mice with STAT3 knocked out specifically in B and T cells (18) . Thus, when persistently activated, STAT3 is a legitimate oncogene, and various strategies targeting STAT3 activation are now being evaluated as valid anticancer therapies (24) .
In this report we demonstrate that KSHV infection of endothelial cells upregulates gp130, leading to phosphorylation and activation of STAT3 though JAK2. The activation of STAT3 initially occurs as a result of binding and entry, but this activation is suppressed by 4 h postinfection. However, by 12 h postinfection, STAT3 is again phosphorylated and remains persistently phosphorylated for over a week postinfection. This later phase of persistent STAT3 phosphorylation requires KSHV gene expression and is concomitant with the establishment of latency in endothelial cells, as determined by the expression of LANA. The persistent tyrosine phosphorylation of STAT3 leads to true activation, as demonstrated by relocalization of the STAT3 phosphoprotein to the nucleus, DNA binding, and promoter activation.
The early phase of STAT3 activation is associated with viral binding and entry and is likely related to the innate immune response since it is quickly turned off in the infected cell. This initial activation event is inhibited by the JAK3 inhibitor WHI-P131 (A. S. Punjabi and M. Lagunoff, unpublished data), indicating a separate activation pathway from the late phase that is strongly inhibited by the JAK2 inhibitor AG490. Characterization of the factors necessary for the early phase activation of STAT3 is currently under way.
STAT3 is activated when endothelial cells are treated with conditioned media from KSHV infections (at 24 hpi), indicating ϩ or vIL-6 Ϫ recombinant KSHV isolates were probed with antibodies to pSTAT3 Y705, STAT3, or ␤-actin. STAT3 was phosphorylated under both conditions (lanes 3 and 4) but not in mock and control BJAB infections (lanes 1 and 2). BJAB cells harboring these green fluorescent protein/puromycin-expressing KSHV recombinants, with either vIL-6 intact (ϩ) or deleted (Ϫ), were induced to lytic replication and vIL-6 ϩ or vIL-6 Ϫ recombinant virus was isolated from the supernatant of these induced cells as described in Materials and Methods. Parallel inductions were performed on BJAB cells, and the supernatants were processed and used as a control (BJAB, lane2).
that a secreted factor is involved in this activation. To begin characterizing the secreted factor involved, we used neutralizing antibodies to hIL-6 and the IL-6 receptor alpha (gp80) and also to gp130, the common receptor for the IL-6 family of cytokines. Although we have previously demonstrated that hIL-6 expression is upregulated upon KSHV infection of endothelial cells (12) , neutralizing antibodies to hIL-6 or to gp80 were not able to block STAT3 activation induced by conditioned media. This indicates that hIL-6 is not required for KSHV conditioned medium-induced activation of STAT3. In contrast, a neutralizing antibody to gp130, the common subunit of the hIL-6 receptor and a number of other cytokines, strongly blocked the activation of STAT3. When infected cells were incubated with neutralizing antibodies to gp130 for the last 3 h of infection, STAT3 activation was decreased, although not as strongly as in conditioned media. This could be due to problems with the antibody during infection or that the activation of STAT3 during infection does not solely go through gp130. Since the viral IL-6 homolog, vIL-6, can signal through gp130 but does not require gp80 for signaling (35) , it was the most obvious candidate for the soluble factor activating STAT3. However, a recombinant KSHV isolate with vIL-6 deleted activates STAT3 similarly to the control recombinant, indicating that vIL-6 is not required for this activation. Taken together, persistent activation of STAT3 by KSHV requires a secreted factor that signals through gp130 but is not human or viral IL-6. We also looked at oncostatin M, an IL-6 family cytokine that utilizes gp130, since it was shown to be a growth factor for KS spindle cells ex vivo (11, 40) . However, neutralization experiments demonstrate that oncostatin M is also not required for STAT3 activation by KSHV (Punjabi and Lagunoff, unpublished). Although we have ruled out the most obvious candidates, a number of other cytokines signal through gp130, and further work to identify the activating ligand and/or cytokine involved is under way. The activation of STAT3 by conditioned media in uninfected endothelial cells was transient, an effect observed when recombinant cytokines such as hIL-6 are exogenously added to endothelial cells. This indicates that the secreted factor induced by KSHV infection is not sufficient for sustained STAT3 activation and that a KSHV-associated factor is necessary for the persistent activation of STAT3 in infected cells. Viral infection upregulates gp130, a receptor utilized by a number of cytokines that signal through the JAK/STAT pathway and activate STAT3. Although it is conceivable that increased expression of the receptor could facilitate this sustained activation, at this point, it is not clear whether this is sufficient. It is more likely that another virally associated factor is involved. This viral factor would be expressed during latency, as shown by immunofluorescence assay for activated STAT3 and LANA ( Fig. 3B and C) , where all latently infected cells contain activated STAT3 in the nucleus, but uninfected cells in the same culture do not show the same levels of activated STAT3 in the nucleus. A recent report demonstrated that LANA can interact with STAT3 (39) . However, a LANA-expressing TIME cell line does not have constitutively active STAT3 (A. S. Punjabi, V. Morris, and M. Lagunoff, unpublished results). This indicates that LANA alone does not induce the secreted factor that activates and maintains persistent activation of STAT3. However, this does not rule out the scenario wherein another latent protein induces the secreted factor that activates STAT3, and that LANA's potential interaction with STAT3 would help in the maintenance of this activation. Work to examine this scenario is ongoing with LANA and other KSHV latent proteins.
The question remains as to what role persistently activated STAT3 plays in KSHV pathogenesis. Three different cell culture systems have shown that KSHV can aid in the immortalization or transformation of endothelial cells. The first demonstrated that KSHV infection of bone marrow microvascular endothelial cells caused immortalization (21) . Interestingly, only a low percentage of cells maintained KSHV infection and, although it is likely that KSHV played a role in the immortalization, other cellular genes were also probably altered since similar attempts to immortalize primary dermal microvascular endothelial cells have failed. Another study demonstrated that dermal microvascular endothelial cells immortalized with the E6 and E7 genes of human papillomavirus were transformed by long-term infection with KSHV (38) . Again, while KSHV certainly plays a role, the E6 and E7 genes are also required for this transformation as other immortalized cell lines are not transformed by KSHV (31) . Finally, a recent study showed that primary human umbilical vein endothelial cells could be fully transformed by KSHV (2) . Again, KSHV probably plays a role, but a secondary cellular event is required since this transformation event is rare. The involvement of these unidentified and random secondary cellular events makes it difficult to determine the role of activated STAT3 in KSHV-induced cell growth of endothelial cells in culture. The activation of STAT3 could play a critical role in the growth of KSHV-infected endothelial cells but by itself may not be sufficient to induce immortalization or transformation. However, this does not rule out that, together with other cellular events, persistent STAT3 activation by KSHV leads to the activation and/or maintenance of endothelial cell growth. Interestingly, in some PEL cell lines, STAT3 is required for continued growth, demonstrating that STAT3 can play a direct role in a KSHVrelated tumor. We demonstrate here that KSHV is capable of directly activating STAT3 in endothelial cells, and this is likely to play an important role in KS tumors as it does in primary effusion lymphomas.
